Study design: A multi-center longitudinal study. Objectives: To estimate the current trend in the incidence of ®rst kidney stone among persons with spinal cord injury (SCI) and to delineate the potential contributing factors. Setting: Twenty-one Model SCI Care Systems throughout the United States. Methods: A longitudinal cohort of 8314 subjects enrolled in the National SCI Database between 1986 and 1999 was used to estimate and compare the incidence of ®rst kidney stone with a previous report of 5850 SCI patients injured between 1973 and 1982 . A Cox regression analysis was performed to identify risk factors for stones, including age, race, gender, severity of injury, and method of urinary drainage. These variables have been routinely collected, on a yearly basis, by the collaborating SCI centers. Results: During the 12 years, 6 months of case ascertainment, 286 incident stone cases were documented. The risk was greatest during the ®rst 3 months after injury (31 cases per 1000 person-years), quickly decreasing and leveling o later (eight cases per 1000 person-years). It was estimated that within 10 years after injury, 7% of persons with SCI would develop their ®rst kidney stone. There was no evidence that the risk has changed over the past 25 years (P=0.96). During the ®rst year post injury only, a signi®cantly increased risk of stones was observed in Caucasians and persons aged 45 years or older. A positive association of the severity of injury and requiring instrumentation for bladder emptying with kidney stones was found after the ®rst year post injury. The type of urinary drainage, including indwelling, intermittent, and condom catheterization, had no signi®cant dierential eect on stone formation at either risk period. Conclusions: The highest risk of kidney stones is within the ®rst few months post injury. Little progress has been made in reducing this risk. Although inability to control bladder function is an important risk factor after the ®rst year post injury, for those who need bladder management, the type of urinary drainage does not appear to be an important factor in determining risk. Spinal Cord (2000) 38, 346 ± 353
Introduction
Injury to the spinal cord can result in impairment of sensory, motor, and autonomic function. This primarily neurologic lesion coupled with associated problems such as immobilization, metabolic alteration, and neurogenic bladder and bowel dysfunction, predispose people with spinal cord injury (SCI) to a variety of secondary complications for the remainder of their lives.
Urinary stones, primarily struvite (magnesium ammonium phosphate), 1, 2 have long been considered as one of the most common urologic complications in the SCI population. 3 ± 7 In our previous report in 1984, we estimated that approximately 8% of SCI patients would develop kidney stones within 8 years after injury. 5 The risk of kidney stones was highest during the ®rst 3 months post injury, quickly decreasing and leveling o after a year. Since 1984, however, very few studies have been conducted prospectively to examine the current trend and determinants of this serious medical complication following cord injury.
Past studies have reported SCI stone formers to be older, 8 to have a neurologically complete lesion, causal role of bladder management. Because people with SCI tend to change methods, using information obtained at admission and discharge 5 may become inaccurate. Similarly, using data obtained at/after stone onset 8 ± 10 makes interpretation uncertain whether a stone disease is a consequence or a cause of a particular bladder management.
The present study analyzed data from an on-going multi-center longitudinal study of natural history following SCI to explore the current nephrolithiasis risk and time-variant contributing factors by use of Cox regression analysis.
Methods

Study population
The National SCI Database contains standardized data contributed by all federally funded Model SCI Care Systems since 1973. Data have been collected on sociodemographic characteristics, injury-related information, medical complications, and functional status of all eligible subjects at admission to and discharge from the Model Systems, as well as annually thereafter. The inclusion and exclusion criteria, data collection process, quality control, and collaborating centers of the database have been previously described in detail. 12 For the present study, we limited the analyses to participants enrolled in the database between October 1, 1986, and March 31, 1999, aged 15 ± 80 years at injury, and discharged alive from initial hospital care.
Data collection
Incident cases were de®ned as those participants who had an abnormal concretion in either the kidney or ureter documented by X-ray evidence of its location. Stones originating in the bladder or stones that were passed spontaneously before X-ray evidence could be obtained were excluded. Only stones documented as ®rst occurrences at discharge or annual examination were included. As the exact time of stone diagnosis was not documented in the database, we arbitrarily assigned event date as the midpoint between the last negative report and the present positive ®nding. If incident cases were reported on the hospital discharge summary, the event date was assigned as the midpoint of the period between injury and discharge; if reported at the year 1 visit, it was assigned as the midpoint between discharge and the ®rst anniversary date; otherwise, it was assigned as the midpoint during the anniversary year when stones were reported.
The duration of staying free of stones for each participant was counted from the date of injury to the date of stone diagnosis or last contact, whichever came ®rst. If participants missed three or more consecutive annual visits, they were considered as lost to the system. The date of last examination before loss, death, or termination of study was de®ned as last contact.
Information on demographics and severity of injury was obtained at enrolment, whereas data on method of bladder drainage were collected on a yearly basis. To account for the time-variant nature of bladder management, information obtained at the previous visit was considered as the method of urinary drainage corresponding to the formation of stones.
Statistical analysis
A standard life-table method was performed to estimate current trend in the hazard and cumulative incidence of kidney stones compared with the previous report of SCI patients enrolled in the database between 1973 and 1982. 5 We used log-rank test to examine the statistical signi®cance of dierences in stone-free survivorship between cohorts, genders, races, levels of neurologic impairment, age at injury, and bladder management at discharge.
Cox regression analysis has been considered as one of the standard methods for longitudinal data with interval censoring and time-dependent covariates. 13 It requires the least restrictive assumption and is subject to the least residual confounding from a time factor. Therefore, the present analysis applied Cox regression model with time-variant age and bladder management to examine the eects of age, race, gender, severity of injury, and type of urinary drainage on stone formation. The risk ratio (RR) is presented to indicate the magnitude of association and 95% con®dence interval (CI) is used to measure the statistical signi®cance and the precision of risk ratio estimates.
Because the risk of kidney stones has been reported to be highest during the initial period post injury and because it is biologically plausible that early stone formation may have dierent determinants than later formation, the analyses were strati®ed by two risk periods: before and after the ®rst year post injury.
Results
A total of 8314 SCI subjects injured between 1986 and 1999 from 21 Model SCI systems were eligible for the assessment of the hazard and cumulative incidence rates. The characteristics of study subjects are presented in Table 1 . Because of the dynamic nature of enrollment in the database and changes in Model System designation (new Systems coming on line; old Systems losing funding and dropping out of the database), the length of follow-up varied by the collaborating SCI centers and participants, ranging from 7 months to 13 years with an average of 3 years. During this study period, 286 stone cases (3%) were reported. Of the 8028 stone-free subjects, 2664 (33%) were censored as they were lost to follow-up voluntarily or involuntarily because of changes in Model System designation. The rest (67%) were censored because of the termination of study or death (Table 2) . Overall, among those stone-free participants, lost to follow-up was more common in men, Hispanics, African Americans, and persons with minimal or incomplete neurologic lesion and better bladder control.
It was estimated by a life table method that within 10 years after injury, 7% of the present cohort of SCI individuals would develop their ®rst kidney stone. The instantaneous rate (hazard) of stones reached its peak during the ®rst 3 months (31 cases per 1000 personyears) and then leveled o after the ®rst year (eight cases per 1000 person-years) till the 8th year, when it decreased to less than four cases per 1000 person-years ( Figure 1 ). When compared with a previous cohort of 5850 SCI patients that were injured between 1973 and 1982, the risk of kidney stones seemed to be somewhat consistent over the last 25 years (P=0.96).
The stone-free survivorship was signi®cantly associated with race, age at injury, severity of injury, and method of bladder management at discharge (Table 1) . It was estimated that within 5 years after injury, 5% of male SCIs would develop stones, which was slightly higher than their female counterparts (4%; P=0.10). The 5-year cumulative incidence rate was higher in Caucasians (6%) and lower in Hispanics (2%) and African Americans (3%; P50.001). Although the 5-year cumulative incidence rate signi®cantly diered between age groups at injury (P=0.04), no consistent trend was observed. Persons with minimal neurologic de®cit, which refers to abnormal re¯exes or minimal damage without signi®cant or incapacitating loss of neurologic function, remained free of stones for up to 8 years after injury. The risk of kidney stones seemed to be identical for paraplegics, incomplete and complete, and incomplete tetraplegics, with a 5-year cumulative incidence of 4%, whereas it was 7% for complete tetraplegics. There was also no apparent dierence in 5-year cumulative incidence between American Spinal Injury Association (ASIA) Impairment Scales A, B, and C, all around 5%. However, much lower risks for D (3%) and E (0%) were observed. We further classi®ed the severity of injury into four groups: minimal de®cit; ASIA grade D; paraplegics with grades A, B or C; and tetraplegics with grades A, B, or C. A signi®cant increasing stone risk with an increasing severity of injury was noted (P50.001).
For persons who could void satisfactorily using any method of re¯ex stimulation or any form of extrinsic pressure at discharge, less than 2% were estimated to get stones within 5 years. This ®gure was much higher for users of indwelling uretheral (7%), condom (5%), intermittent (5%), or suprapubic catheterization (3%) at discharge.
In the Cox regression models, we excluded those with minimal neurologic de®cit (n=461), unknown neurologic level (n=17), and unknown method of urinary drainage (n=63). Therefore, a total of 7784 subjects was available for the assessment of risk factors for kidney stones diagnosed within a year (inclusive) after injury, whereas 4858 subjects had adequate information for the evaluation of risk factors for kidney stones developed after the ®rst year post injury.
As depicted in Table 3 , after potential confounding factors, including method of bladder management, were accounted for, men were approximately 50% more likely than women to develop stones regardless of the risk period; however the statistical signi®cance was marginal (P=0.09 for year 1; P=0.19 for year 2 and later). The higher risk in Caucasians than that in African Americans appeared to be stronger during the ®rst year post injury (RR=2.1, 95% CI: 1.3 ± 3.3), as opposed to year 2 and later (RR=1.3, 95% CI: 0.8 ± 1.9). Compared with individuals aged 25 to 34 years, individuals aged 55 years or older had a twofold increased risk during the ®rst year (RR=2.0, 95% CI: 1.1 ± 3.5) and a 50% increased risk later (RR=1.5, 95% CI: 0.9 ± 2.6).
A positive association between kidney stone risk and severity of injury was observed at both risk periods after adjusting for type of urinary drainage. 
Discussion
Analyzing data from a longitudinal cohort of 8314 SCI patients, we estimated that within 8 years post injury, approximately 6.8% would develop their ®rst kidney stone. Although this ®gure is not signi®cantly dierent than the previous report of 8.1% within 8 years in 1984, 5 this nonsigni®cant reduction in cumulative incidence (from 8.1% to 6.8%) may be somewhat underestimated because the completeness of case ascertainment has been improved in this present study by rewording the question asking the presence of kidney/ureter stones as an obligate response (yes/no), rather than a voluntary response (open end) as before. Even so, the risk of kidney stones is still considerably higher compared with the general population where an annual incidence of 0.4 to 2.0 per 1000 population and a lifetime risk of 12% have been reported (Table  4 ). 14 ± 17 There is lack of comparable data from other countries or ethnic groups on the kidney stone 18 The rate was 0.3% in the ®rst year of injury and 0.9% at 2 years, which appears to be smaller than our ®ndings. However, this conclusion is limited because these data were not comparable regarding the subject eligibility (ie, newly injured or chronic), de®nition of stone disease (ie, ®rst or recurrent), subject characteristics, length of followup, and analytic methods.
The pattern of decreasing nephrolithiasis risk with time post injury observed in this cohort is in agreement with the previous cohort. 5 A peak stone incidence was observed during the ®rst 3 months regardless of gender, race, and severity of injury (data not shown). Interestingly, the dysfunction of mineral metabolism such as hypercalciuria, which occurs at the acute phase of cord injury, seems to parallel and perhaps produce the peak incidence of stone formation. 19 During the ®rst year post injury, when immobilization hypercalciuria is a concern, an increased risk of kidney stones in men, Caucasians, and people between 40 and 60 years of age is consistent with ®ndings in the general population, 15, 16, 20 where calcium stones are predominant. 21 The dierential urinary excretion of calcium as a result of variation in hormones (such as testosterone) with age and gender has been hypothesized to account for the observed risk dierence in the general population. The potential in¯uence of these demographic factors on mineral metabolism during the acute phase of injury might explain the variation in stone risk, which needs further con®rmation.
Similarly, an increased risk of stones among persons with more severe injury could be partly explained by a direct relation between the extent of injury and mineral metabolism dysfunction during the ®rst year. 19 The null relation between kidney stones and bladder management observed at this risk period is probably to some extent attributed to the fact that the majority of initially hospitalized SCI patients underwent intermittent catheterization, had better bladder care, or both. It might also suggest that there is no direct relation between type of urinary drainage and kidney stones that largely result from immobilization hypercalciuria.
The present ®nding that risk factors for stones somewhat varied within the two risk periods (before and after the ®rst year) implies that dierent causal elements may be involved in the development of stones at the two dierent periods. In prior studies of chemical composition of SCI-related stones, the ratio of struvite to carbonate apatite tended to increase with increasing years post injury. 1 As the content of struvite is thought to be an indicator of infection, urinary tract infection (UTI) appears to play a more important role in stone causation in later years.
After the ®rst year post injury, the slightly increased risk (not statistically signi®cant) in men and Caucasians is dierent from observations in the general population where struvite stones are more common in women 22 and African Americans. 20 One possible explanation for this con¯icting association with gender may be because the neurogenic bladder dysfunction and bladder management in male SCIs overcomes the eect of a shorter urethra, one prone to in¯ammation at the meatus in non-SCI women, on infection; therefore, the increased risk of struvite stones observed in the normal able-bodied women is eliminated in the SCI population. A potential selection bias from a dierential rate of lost to follow-up between genders might also aect the validity of this ®nding. For instance, if healthier women are less likely to be lost, the observed higher risk in men than women would have been overestimated. Another discrepancy regarding the association between race and kidney stones is in a prospective study of 64 SCIs free of indwelling catheters. Waites et al 23 reported that the incidence of UTI, a well-known predictor of SCI-related stones, was higher in African Americans than in Caucasians. A possible explanation is that in The impact of bladder management on stone formation has long been considered by clinicians, but not consistently supported by the medical literatures (Table 5) . 5,8 ± 11,18,24 This analysis takes into account the time-variant nature of bladder management and thus probably provides risk estimates with least bias. This investigation adds to the evidence that people voiding satisfactorily with continent bladder control have a low stone risk. 10, 11 For other types of bladder drainage, including indwelling urethral or suprapubic, intermittent, and condom catheterization, the likelihood of developing stones seemed to be not signi®cantly dierent (P40.35 data not shown), which is supported by most previous ®ndings. 5, 8, 10, 24 That the observed risk of kidney stones in persons using intermittent catheterization was equivalent to users of condom or indwelling catheters appears contrary to the reported relation between UTI and bladder management. 23, 25 The dierential rate of lost to follow-up might partially explain this discrepancy. It is also possible that in addition to UTI, other risk factors for stones (such as¯uid intake) play a part in the pathway connecting bladder management to stone formation.
Several limitations in this present study need to be considered while interpreting the results. The identi®ed risk factors might not be speci®c for struvite stones because data on chemical composition of these diagnosed stones were not available. However, the signi®cant association of stone formation with severity of injury and bladder management suggests that such misclassi®cation, if any, is minimal. Similarly, we may have included stones that were present and not diagnosed before injury. However, given the low background rate of kidney stones in the general population, those are likely to represent only a very small proportion of the stones studied and their inclusion is unlikely to have much impact on measures of occurrence and association.
Another limitation is that these identi®ed stone determinants might not be generalizable to persons with minimal de®cit, lost to the health systems, and injured for more than 13 years, who are either underrepresentated or not covered by this study cohort. In other words, the observed kidney stone incidence among study participants might have overestimated the overall incidence in the SCI population because the Model Systems tend to treat more severe patients and persons with minimal de®cit are likely to be lost. Similarly, the dierential lost to follow-up rate might somewhat bias these risk estimates, particularly in later years, if the underlying risk of stones diers 
Conclusions
Despite the advances in acute care, early mobilization, and urologic rehabilitation, little progress has been made over the last 25 years in reducing stone risk in persons with SCI. This is disappointing and suggests further studies are required to identify the critical and potentially modi®able elements in the causal pathway and to establish an eective prophylactic intervention program. In addition, because the greatest incidence occurs soon after spinal injury, any strategy directed against stone formation should be commenced immediately after the onset of cord lesion, particularly for those at high risk. Age, gender, race, and severity of injury, and neurogenic bladder dysfunction are shown to have an in¯uence on stone formation. Further research is necessary to examine how these factors or factors associated with them determine the kidney stone risk. As type of urinary drainage does not appear to be an important predictor, the relative risk of stone formation is not necessarily a factor that should determine the decision on bladder management.
